ABSTRACT
INTRODUCTION
Numerical modeling techniques play a key role in the development of new fiber optics, e.g., for telecommunications or sensing applications. In particular, the refractive-index profiles of various specialty optical fibers are increasingly designed with numerical tools. In this paper numerical mode-analysis techniques are applied to layer-structured specialty fibers as well as to partially coherent optical fields. In this paper are presented preliminary results obtained by using numerical mode-analysis techniques for modeling laser light intensity transverse distribution into un-deformed /deformed step index optical fiber with possible sensing applications [1 -7] . The main purpose of this numerical simulation consists in obtaining insights upon the interaction between the fiber optic sensor (FOS) and the environment in which it is mounted. The numerical modeling of this interaction is an important part of FOS engineering. The main result predicted by numerical modeling of laser intensity transverse distribution inside deformed or undeformed monomode or multimode optical fiber consists in important modification, namely splitting of central maxima inside the core of the optical fiber, of the laser intensity distribution. This modification of laser intensity distribution is predicted to be produced by transverse mechanical load applied to the studied optical fiber. This theoretically predicted effect of transverse mechanical load applied to an optical fiber is confirmed by preliminary experimental results observed in the case of a multimode silica glass core optical fiber illuminated with green (wavelength of 0.532 μm) laser light. The reported preliminary experimental and numerical simulation results will be developed especially for applications in aeronautics, especially for designing new simple fiber optic sensor (FOS) interrogation techniques [7 -15] .
THEORY OF ELECTROMAGNETIC WAVE PROPAGATION
In this section, the principles of mode-analysis techniques are covered. The starting point consists of the Maxwell's equations from which the relevant characteristics of the modal solutions of the wave equation in fiber waveguides and in free space are briefly surveyed [16 -20] .
The electromagnetic fields in optical fiber waveguides are governed by the macroscopic Maxwell's equations which in their complete form read as [21, 22] : 
where ω is the angular frequency of light. In this representation, the real parts of the expressions correspond to the physical fields [1] . By assuming a linear, isotropic, and nonmagnetic medium, one can write the constitutive relations as [24] )
0 ε and 0 μ are the permittivity and permeability of free space, respectively, and r ε denotes the relative, material-dependent permittivity. To study the modal fields in fibers with metallic (lossy) inclusions, ohmic conduction currents can be included by writing
where σ is the conductivity of the propagation medium [24] .
By taking the curl of Eq. (3), and by using Eqs. (4)- (9), one obtains the wave equation for the electric field 
The term in the square brackets can be identified with the complex, relative dielectric function which, from this point on, is also represented by the variable r ε [24] .
Similarly, by starting from Eq. 4, one can derive the wave equation for the magnetic field in the form: 
For homogeneous media, the wave equations simplify to:
In Eqs. 14 and 15, the parameter is introduced as the refractive index of the propagation medium and is defined through the relation [25] :
In order to obtain the modes of an optical fiber, the z-dependence along the fiber is separated by writing the equations:
In Eqs.17 and 18, j β is the propagation constant of the j th mode and describes a position vector in the transverse plane of the fiber. In principle, the wave equations hold an infinite number of transverse modes in the form of Eqs.17 and 18 for a given optical frequency. With conventional optical fibers, these modes are categorized as bound, guided modes and radiation modes, the latter ones being either evanescent or propagating in character [26] . Of most practical interest are the guided modes and slowly radiating leaky modes. The remaining transverse components within each of the homogeneous regions are then retrieved from the relations:
These two equations are obtained by making use of Maxwell's curl equations, as well as Eqs.17 and 18. Here, the transverse nabla ⊥ ∇ operates only in the cross-sectional plane of the fiber and z u v is a unit vector pointing along the fiber. At the boundary between two neighboring homogeneous regions, like the fiber optic core and clad, the fields are matched by using the continuity relations [27] 0 ) (
Here n r denotes a unit vector normal to the boundary. The expressions from each boundary can be collected to a matrix equation:
The matrix multiplies the trial-function coefficients lumped in the vector M x r . For the above homogeneous equation, nontrivial solutions can be found whenever the determinant of the matrix M vanishes. The characteristic equation of this matrix is solved numerically to obtain the propagation constant of a mode. The characteristic equation of this matrix is defined as:
This approach can be used to solve the guided vector modes.
The second method employs a plane-wave expansion for the field in a spatially periodic, two-dimensional lattice. Such a lattice can act as the cladding in a photonic band gap fiber to confine and guide light along an air core. By formulating the problem in terms of the magnetic field (Eq.12) instead of the electric field, the transversality condition can be enforced leading to reduced computational burden [28, 32 -35] . the transversality condition can be expressed as:
The third method used in this thesis is the finite-element method (FEM). In this method, the computation region is divided into homogeneous subspaces (the finite elements) in which Maxwell's equations are discretized. On the boundaries of the regions, the continuity relations of Eqs. (2.18) and (2.19) are applied [30] . The ensuing set of coupled equations is then numerically solved by means of matrix methods. The FEM is well suited for computing the modes in a lossy waveguide with a perfectly matched layer (PML) as the outer boundary [31] . A properly chosen PML eliminates the reflections from the outer boundary back to the computing region, thus acting as an absorbing boundary [33 -42] . The FEM is used to investigate the excitation of surface-plasmon polaritons in a metalcoated micro structured optical fiber for sensing applications [43 -53] .
NUMERICAL SIMULATION RESULTS
Two FOS types were analyzed and numerically modeled by using the COMSOL Multiphysics software package, namely:
-Monomode FOS -meaning that its core diameter is less than 20 μm, being not of many orders of magnitude greater than laser light wavelength.
-Multimode FOS -meaning that its core diameter is about 150 ÷ 200 μm, being of several orders of magnitude greater than laser light wavelength.
For both analyzed and numerically modeled FOS types illumination with laser light at 0.532 μm and 1.550 μm wavelengths was considered.
For all the performed numerical simulation aiming to describe the transverse laser intensity distribution and its possible modification under mechanical loads applied to the studied optical fiber the number of mesh elements was imposed to be high enough in comparison with what was ad-hoc defined as "laser wavelength elementary cell". This means that the characteristic largest linear dimension of a mesh element is at most 0.15 ÷ 0.20 of the laser wavelength considered for the specific numerical simulation. The main reason for the above mentioned precaution used for the performed numerical simulations consists in fulfillment of light diffraction theory requirements, initial hypothesis. As will be possible to observe in the followings, the concentration of mesh elements is increased in the central part of the optical fiber, meaning in the core zone. The mesh grid was automatically generated and refined to the level imposed by the user by the COMSOL Multiphysics program. Fig.1 -The mesh grid used in the case of a monomode optical fiber with a core of 16 μm diameter and a clad of an overall 80 μm diameter The number of mesh elements is 3816. The mesh element specific dimension in the core zone is estimated to be as ~ 0.15 μm. The optical fiber is illuminated at 1.550 μm laser wavelength. Fig.2 -The numerical simulated time averaged laser power flow across the transverse section of a monomode optical fiber with a core of 16 μm diameter and a clad of an overall 80 μm diameter. It can be observed that the laser beam of 1.550 μm wavelength has an intensity distribution of the TEM01 "donot" type, meaning that it is characterised by a central axial minimum and a circular maximum placed aproximatively at half of the core radius. Fig.3 -The numerical simulated electric and magnetic field intensities distribution across the transverse section of a monomode optical fiber with a core of 16 μm diameter and a clad of an overall 80 μm diameter. It can be observed that the laser beam of 1.550 μm wavelength has an electric field intensity distribution of the TEM01 "donot" type, meaning that it is characterized by a central axial minimum and a circular maximum placed aproximatively at half of the core radius. Fig.4 -The mesh grid used in the case of a deformed monomode optical fiber presented as undeformed in Fig.1 . The optical fiber was considered as having a cross section with a elliptic shape with semiaxes of 9 μm and 7 μm (core) and of 44 μm 36 μm (clad). The number of mesh elements is 3128. The mesh element specific dimension in the core zone is estimated to be as ~ 0.20 μm. The optical fiber is illuminated at 1.550 μm laser wavelength. Fig.5 -The numerical simulated time averaged laser power flow across the transverse section of a deformed monomode optical fiber. The optical fiber was considered as having a cross section with a elliptic shape with semi axes of 9 μm and 7 μm (core) and of 44 μm 36 μm (clad). It can be observed that the laser beam of 1.550 μm wavelength has a "splitted" intensity distribution of the initial, undeformed TEM01 "donot" one, meaning that it is characterised by a central axial minimum and two maxima placed symmetrically on the mechanical load direction at aproximatively half of the core radius. Fig.6 -The numerical simulated electric and magnetic field intensities distribution across the transverse section of deformed monomode optical fiber The optical fiber was considered as having a cross section with a elliptic shape with semiaxes of 9 μm and 7 μm (core) and of 44 μm 36 μm (clad). It can be observed that the laser beam of 1.550 μm wavelength has a "splitted" electric field intensity distribution of the initial TEM01 "donot" type, meaning that it is characterised by a central axial minimum and two maxima placed symmetrically on the mechanical load direction at aproximatively half of the core radius. Fig.7 -The mesh grid used in the case of a multimode silica glass optical fiber with a core of 200 μm diameter and a clad of an overall 230 μm diameter The number of mesh elements is 2416. The mesh element specific dimension in the core zone is estimated to be as ~ 0.45 μm. The optical fiber is illuminated at 0.532 μm laser wavelength. Fig.8 -The numerical simulated time averaged laser power flow across the transverse section of a multimode optical fiber with a with a core of 200 μm diameter and a clad of an overall 230 μm diameter. It can be observed that the laser beam of 0.532 μm wavelength has a laser field intensity distribution of the TEM01 "donot" type, meaning that it is characterised by a central axial minimum and a circular maximum placed aproximatively at half of the core radius. Fig.9 -The numerical simulated electric field intensities distribution across the transverse section of a multimode optical fiber with a with a core of 200 μm diameter and a clad of an overall 230 μm diameter. It can be observed that the laser beam of 0.532 μm wavelength has an electric field intensity intensity distribution of the TEM01 "donot" type, meaning that it is characterised by a central axial minimum and a circular maximum placed aproximatively at half of the core radius. Fig.10 -The mesh grid used in the case of a multimode silica glass optical fiber with a core of 200 μm diameter and a clad of an overall 230 μm diameter The number of mesh elements is 2056. The mesh element specific dimension in the core zone is estimated to be as ~ 0.55 μm. The optical fiber is illuminated at 0.532 μm laser wavelength. Fig.11 -The numerical simulated time averaged laser power flow across the transverse section of a deformed multimode optical fiber. The optical fiber was considered as having a cross section with a elliptic shape with semiaxes of 90 μm and 110 μm (core) and of 100 μm and 130 μm (clad). It can be observed that the laser beam of 0.532 μm wavelength has a laser field intensity distribution "splitted" intensity distribution of the initial, undeformed TEM01 "donot" one, meaning that it is characterized by a central axial minimum and two maxima placed symmetrically on the mechanical load direction at aproximatively half of the core radius. Fig.12 -The numerical simulated electric field intensities distribution across the transverse section of a transverse section of a deformed multimode optical fiber. The optical fiber was considered as having a cross section with a elliptic shape with semiaxes of 90 μm and 110 μm (core) and of 100 μm and 130 μm (clad). It can be observed that the laser beam of 0.532 μm wavelength has a laser field intensity distribution "splitted" intensity distribution of the initial, undeformed TEM01 type.
EXPERIMENTAL RESULTS
The numerical simulation results were briefly compared with experimentally obtained ones. In Figures 13 and 14 some details about the experimental setup used for this purpose. In Fig. 13 it can be observed the fiber optic sensor test bench (FOS -TB), presently under development in INCAS. In the first stage of its development, two laser sources will be used alternatively at wavelengths of 0.532 μm and 1.550 μm. Both laser sources are of solid state kind: -The 0.532 μm one is a frequency doubled Nd:YAG laser using a longitudinally diode pumping system. The generated laser beam is nearly TEM 00 , being of a low order transverse laser intensity distribution. It is a continuous wave (cw) operated laser source. The laser output power can be varied up to 30 or 100 mW. Two versions of this laser source can be operated on FOS -TB with slight differences between them regarding transverse laser intensity distribution. This laser source is indented to be used for tests/ calibration of fiber optic sensors developed on bare mono or multimode optic fibers. -The 1.550 μm one is a laser diode operated in continuous wave (cw) regime. The output beam is low order laser intensity transverse distribution, being not specially designed for TEM 00 operation. It can generate an output power up to 25 mW. This laser source is indented to be used for tests/ calibration of fiber optic sensors developed on mono mode optic fibers with embedded Bragg gratings. The laser detection system is based on semiconductor photodiode detector operated at the spectral region of interest. In the first stage of development of the INCAS fiber optic sensor test bench (FOS -TB) facility, measurement of transmitted output laser power will be performed pointing to detection of fiber optic characteristic modification under various environment factors. The semiconductor photodiode detector is coupled to a TEKTRONIX TDS 2000B oscilloscope. In the second stage of its development, the INCAS fiber optic sensor test bench (FOS -TB) will allow measurements on spectral and/or spatial variation of fiber optic sensors. For both kinds of laser sources, at both the above mentioned wavelengths, collimators/adaptors are used at both ends of the optical fiber. FC type connectors are mounted on fiber optic ends. The collimators/adaptors are of FC type. In Fig.13 all these devices, including the collimators/adaptors, the detector and the TEKTRONIX TDS 2000B oscilloscope can be observed. The preliminary experiments developed for comparison of numerical simulation and experimental results were simple and easily to be performed. These experiments have a limited purpose: to investigate if a modification of transverse laser intensity distribution is produced when loading a multimode optic fiber with perpendicular mechanical stress. In this sense, a simple 2 Kg weight with "edges" of different lengths (~4mm and ~20 mm) was placed on the optical fiber of Fig.13 , in the zone after the composite material probe. Two such optic fibers embedded in the same composite material were used. The effect of this mechanical load imposed on the optic fiber can be easily observed, as presented in Figures 15, 16, 17 and 18. Fig.13 -A photographic snapshot of the experimental set-up used for testing fiber optic sensors. The laser head electronic pump source can be easily observed on the left side of the picture. A multimode fiber optic coloured in green and embedded in a composite material probe can be observed. During these experiments no special care was taken concerning the allignment of laser output beam with col-limators/adaptors and, implicitly, the optic fiber was not optimum matched with the laser beam.
The ~2 Kg. value of the "test weight" was in roughly with the values of the mechanical loads estimated in the NUMERICAL SIMULATION RESULTS section (5 ÷ 10 KgF)
CONCLUSIONS
The presented preliminary results obtained experimentally and by numerical modeling represent o good starting point for further developments of fiber optic sensor engineering in INCAS.
